During the past years, a great effort has been devoted to the anchoring of catalysts into solid coordination networks in order to achieve heterogeneous catalysts. In this sense, an innovative approach consists on using the coordination-network synthons both as structural units and as catalysts. Regarding the latter, 10 metalloporphyrins are suitable candidates for synthons. In fact, a few works report on coordination compounds based on metalloporphyrins exhibiting these features. On the other hand, highly distorted diiron oxo dimers containing electron withdrawing groups rank amongst the most-effective catalyst models. Thus, the aim of this work was obtaining coordination networks based on iron porphyrins exhibiting those characteristics. This way, this work reports on the synthesis and characterisation of the µ-O- EPR that is related to the high accessible volume of the compound. The structural features of the dimers and the accessible network are responsible for the excellent behaviour of the compound as a heterogeneous catalyst for different oxidation of alcohols. Therefore, this compound is a new of the very few examples of metalloporphyrins where structural units play as catalysts.
Introduction

25
Solid coordination networks consist of metal complexes that can be packed in a variety of frameworks. [1] [2] [3] They have been thoroughly explored in many fields, such as gas storage and separation, 4 14 and heterogeneous catalysis. [15] [16] [17] Among the different organic ligands that can be used in these coordination networks, metalloporphyrins can be highlighted as they can produce unique properties attached to biochemical, enzymatic and photochemical functions. 18 Thus, an efficient 35 synthesis strategy can give rise to compounds capable to mimic these properties. Biomimetic catalysts such as metalloporphyrins have been used as cytochrome P-450 models, and their potential for substrate oxidation has been the subject of several studies. 19 -21 40 The similarity between metalloporphyrins and the active centre of many natural enzymes, along with the high reactivity and selectivity towards oxidation of organic substrates, have stimulated the use of iron porphyrins as models of natural catalysts. 22 In this sense, a large number of model systems have 45 been explored, [23] [24] [25] [26] and the use of highly distorted di-iron oxo dimers containing electron withdrawing groups rank amongst the most-effective catalyst models attracting considerable attention on the last years. [27] [28] [29] Some µ-oxo dimers of FeTPP (TPP= mesotetra(4-phenyl)porphine) have been used as model compounds of 50 cytochromes P-450, and they exhibit greater catalytic activity than the FeTPP monomers. 30 In order to achieve heterogeneous catalysts, there are successful approaches consisting of anchoring the catalyst into the cavities of porous coordination networks, [31] [32] [33] doping the 55 network with the catalyst 34 or post functionalizing the network. 35, 36 Thus, our proposal is using the catalyst as a structural unit. As concluded by several recent works, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] this approach has been observed to be effective. However, the number of metalloporphyrinic compounds in which the network itself 60 plays as a catalyst is very low.
In this sense, our previous research on metalloporphyrins [50] [51] [52] [53] has had the same goal. However, we have not been successful until now. The selection of H 2 TCPP (H 2 TCPP = meso-tetra(4-carboxyphenyl)porphine) must be underlined in this sense (Scheme 1). There are some TCPP-based coordination compounds in literature, and they exhibit different types of packing. 50 Taking into account the above mentioned aspects, this work reports on the first TCPP based µ-oxo dimer with formula µ-O-
(DMF = N,N-dimethylformamide). Hydrogen bonds produce a 2D array, and interlayer π-π 15 interactions give rise to the 3D network. The compound has been exhaustively characterised by means of X-ray diffraction, IR, Raman, UV-Vis, Mössbauer and EPR (Electron Paramagnetic Resonance) spectroscopies, thermogravimetric analysis, magnetic susceptibility measurements and catalytic activity tests. 20 Distortion of the porphyrin macrocycle has also been analysed.
Experimental section Materials
All solvents and chemicals were used as received from reliable commercial sources. The reagent iron (III) meso-tetra carboxyphenyl)porphyrin chloride ([FeTCPP]Cl) was purchased from Frontier Scientific, and isophthalic acid (99%) and the solvent N,N-dimethylformamide (DMF, 99.8%) were purchased from Sigma-Aldrich Co. 30 Prismatic black single-crystals of µ-O-[FeTCPP] 2 ·16DMF with dimensions given in Table 1 were selected under polarizing microscope and mounted on MicroMounts™. Single-crystal Xray diffraction data were collected at 100 K on an Agilent Technologies SuperNova single source diffractometer with Cu- 35 Kα radiation (λ= 1.54184 Å). Data frames were processed (unit cell determination, intensity data integration, correction for Lorentz and polarization effects, 78 and analytical absorption correction) using the CrysAlis software package. 79 The structure 80 which allowed us to obtain the position of iron atom, as well as nitrogen, oxygen and some of the carbon atoms of the TCPP anion. The refinement of the crystal structure was performed by full matrix least-squares based on F 2 , using the SHELXL-97 program 81 in OLEX 82 obtaining the 45 remaining carbon atoms. Anisotropic thermal parameters were used for all non-hydrogen atoms ( Figure S1 , ESI †). All the hydrogen atoms connected to the aromatic rings (C-H 0.95Ǻ) were fixed geometrically, and were refined using a riding model with common isotropic displacements. The hydrogen atoms of 50 the carboxylic groups were not considered due to the lack of density in the residual density map; however they are included in the formula. DMF molecules were disordered in the crystal and the resulting electron density was found to be non interpretable. The solvent contribution to the structure factors was taken into 55 account by back-Fourier transformation of all density found in the disordered area using a solvent mask in OLEX. 82 The calculated density does not take account of the solvent. Bond distances and angles, atomic coordinates, anisotropic thermal parameters and hydrogen atom coordinates are given in Tables [FeTCPP] 2 ·16DMF can be described by using Z = 8, in accordance with the space group and the asymmetric unit. However, Z= 4 has been selected because this way the whole 65 dimer is represented in the chemical formula. 
X-ray structure determination
of µ-O-[
Physicochemical characterisation techniques
The IR spectra were collected on a JASCO FT/IR-6100 spectrometer at room temperature at the range of 4000-400 cm -1 , 70 in KBr pellets (1% of the sample). Raman spectra of the solid samples were recorded using a Renishaw InVia spectrometer equipped with a 785 nm laser at the range of 3500-150 cm -1 . UVvisible diffuse-reflectance measurements were carried out on a Cary 5000 UV-Vis-NIR spectrophotometer in the range of 2500 75 to 200 nm. C, H, N and O elemental analyses were measured using a Euro EA 3000 elemental analyser. The thermal analyses were carried out in air atmosphere using a NETZSCH STA 449F3 instrument. A crucible containing approximately 10 mg of sample was heated at 5 ºC min -1 in the temperature range 30-600 5 ºC. Mossbauer spectra were obtained at room temperature using a constant-acceleration Mossbauer spectrometer with a 57 Co/Rh source. The velocity calibration was done using a metallic Fe foil. Electron paramagnetic resonance (EPR) spectra were measured with a Bruker ESP-300 spectrometer operating at X band and 10 equipped with a nitrogen and helium cryostat. Magnetic susceptibility measurements were measured in the range of 4−300 K with a Quantum Design SQUID MPMS-7T magnetometer.
Catalytic Tests
The oxidation reactions of benzyl alcohol, 1-phenylethanol, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] hexanol and 1-octanol (Scheme 2) were carried out at 70 ºC using acetonitrile as solvent. The catalyst/substrate molar ratio (based on Fe) used for all the reactions is 3 %.
Powdered crystals of catalyst was firstly dried at 100 ºC and under vacuum to remove solvent and water adsorbed at the 20 surface. Before the reactions, approximately 5 mg of dried catalyst (0.0035 mmol of Fe) were activated by stirring it with the oxidizing agent, tert-butyl hydroperoxide (TBHP) or iodobenzene diacetate (PhI(OAc) 2 ), in 2 ml of acetonitrile, for 30 min at 70 ºC. After this activation stage, the catalyst was separated from the 25 liquid media by centrifugation. The reactor was then charged with the activated catalyst, 0.12 mmol of the corresponding alcohol in 2 mL of solvent. The mixture was heated up to 70 ºC and then the oxidizing agent was added dropwise (1.5 eq. in the case of TBHP and 2 eq. in the case of PhI(OAc) 2 ). All the data corresponding to 30 the different reactions made for this study are summarized in table S5, ESI †.
Reaction samples were taken at regular times and analysed on a Hewlett-Packard 5890 II GC-MS gas chromatograph-mass spectrometer. Blank experiments were carried out under the 35 reaction conditions in order to determine the extension of the uncatalysed reaction, and only traces of products were achieved after 7 h.
After the reaction, the catalysts were filtered and characterised by IR spectroscopy. Due to the low crystallinity of µ-O-
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[FeTCPP] 2 ·16DMF, X-ray powder diffraction was rejected as a characterisation technique for the recovered catalyst.
Scheme 2 Catalytic tests reaction.
The calculations of turnover numbers (TON: mol subs. 45 conv./mol cat.) were made with respect to the iron amount, assuming that the metal centre is the active species in the catalyst. Turnover frequencies (TOF) were calculated in the initial stages of the reaction, when the reaction rates are higher, as usual. These coordination entities crystallise as shown in Figure 2 . Each dimer is surrounded by another six producing an H-bonded 2D layer on the xy plane. The robust intralayer H-bonding system 85 is generated from O8 to O4 (2.411 Å) and from O7 to O2 (2.470 Å) maintaining the stability of the layers. The out-of-plane distortion of the porphyrin macrocycle was analysed by the normal-coordinate structural decomposition 25 method developed by Shelnutt et al. (NSD) . 89, 90 In a saddle conformation, alternate pyrrole rings tilt up and down with respect to the porphyrin mean plane (24 atoms), and the meso carbon atoms lie on the least-square plane. As is evident from Figure 4 , the results indicate a main saddle type distortion (sad, 30 B 2u ), with a contribution of the 82% to the total displacement of the porphyrin (1.502). This nonplanarity of the porphyrin core is the consequence of significant steric congestion in the periphery of the molecule. The slight saddle distortion on the two porphyrin cores and the value of the Fe atom displacement from the mean porphyrin plane 40 (0.445 Å) is consistent with the presence of high spin (S= 5/2) Fe III ions. 76, 91 This fact, as will be seen later, was corroborated by EPR and Mössbauer spectroscopies and by magnetic measurements. 45 The most significant IR spectral changes from the reactant 
Results and Discussion
Infrared and Raman spectroscopies
UV-Visible (Diffuse-Reflectance) spectroscopy
The UV-Vis spectrum of µ-O-[FeTCPP] 2 ·16DMF shows Soret and Q bands at 361, 576 and 623 nm, respectively ( Figure S4 , ESI †). The evident blueshift of the Soret band, compared to other iron (III) non-dimeric porphyrin compounds and to the 5 monomeric [FeTCPP] , 94 reflects the short interporphyrin ring separation, whereas the Q bands are redshifted by the presence of carboxylic groups on the periphery of the porphyrin.
Thermogravimetry
The thermogravimetric decomposition curve of the compound 10 shows an initial two-stage mass loss from RT to 360 ºC, assigned to the removal of DMF molecules (40.95% weight loss) from the two types of voids in the crystal structure. Afterwards, a second mass loss occurs from 360 ºC to 400 ºC, assigned to both porphyrin units (51.5% weight loss) ( Figure S5 , ESI †). The compound.
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The high-temperature behaviour is the expected for a strong antiferromagnetic coupling in a S = 5/2 dimer. However, the plateau between 75 and 15 K, and the further abrupt decrease cannot be explained by the sole contribution of this coupling. Xray analysis discards the presence of impurities in the required 45 high concentration as to account for the observed curve. However, we can think of the presence of broken dimers that are expected to be paramagnetic. The dimers are expected to be broken because the magnetic measurements were performed by using ground single crystals, producing monomeric units. Thus, 50 the decrease in the effective magnetic moment observed at low temperatures can be explained by means of the Zero Field Splitting effect (ZFS) on the S = 5/2 state.
In order to confirm this hypothesis, experimental data have been adjusted according to equation 1 where χ dim and χ mon are the 55 contribution of the dimeric and monomeric (broken dimers) species, respectively.
In order to evaluate the exchange constant J due to the contribution of the dimeric species (χ dim ), the van Vleck equation 60 has been used for a spin Hamiltonian H=-2JS 1 S 2 (equation 2).
where x=J/kT (2) The van Vleck equation has been also used to estimate the exchange constant J due to the contribution of the monomeric species (χ mon ), but in this case for S = 1/2 in an axially distorted 65 octahedral environment (equation 3). In equation 3, D is the axial parameter related to the ZFS effect, The E rhombic one has been considered negligible.
where x=D/kT
Taking into account that the orbital contribution for S = 5/2 ions is habitually negligible, the g value was considered to be g= 2. This way, the number of parameters to be adjusted was lower, producing estimated values of J = -132 cm -1 ; D = 6.9 cm -1 and δ= 0.23. These values were obtained by minimizing the R 5 error (equation 4). Figure 6 shows that experimental and calculated values are in very good accordance (R=1.2x10 -5 ). The J value is comparable to other ones found for similar systems. 63, 69, 97 It is worth mentioning that the δ value indicates a significant amount of monomeric species.
Electronic paramagnetic resonance (EPR)
As occurs with other similar compounds that exhibit strong antiferromagnetic couplings through two high-spin iron(III) centres, 97 we did not expect to obtain EPR signal for this 15 compound. However, the X-band EPR spectral measurements carried out for µ-O-[FeTCPP] 2 ·16DMF at room temperature in solid state show an axially symmetric spectra with g ┴ and g ║ values close to 6 and 2 , respectively; unequivocal evidence of high spin Fe III (S = 5/2) ions ( Figure 7) . The observed signal 20 should therefore be caused by the monomeric species detected by magnetic measurements. As observed in Figure 7 , the parallel component exhibits a superhyperfine structure (A ║ =17 Gauss) that is not habitual for this type of compounds. This superhyperfine structure can be 25 explained by the interaction between the Fe III electronic spin and the nuclear spins (I=1) of the four pyrrolic nitrogen atoms bonded to each Fe III ion on the equatorial plane. This interaction should produce a nine-line structure. However, taking into account the ZFS effect confirmed for µ-O-[FeTCPP] 2 ·16DMF, this structure 30 should be repeated at least in two different transitions within the S = 5/2 state. The fact that this superhyperfine structure has not been previously observed in similar compounds can be explained if considering that the magnetic matrix is very diluted for µ-O-
[FeTCPP] 2 ·16DMF, due to the fact that 47% of the unit cell is 35 occupied by DMF molecules. Therefore, the dilution of the magnetic matrix, induced by the porous nature of the compound, allows the unusual observance of electronic and nuclear spin interactions between different atoms. 
Catalytic properties
Synthetic metalloporphyrins complexes have been largely used for a variety of catalytic transformations, 19 and a special emphasis 45 has been placed on the single atom bridged diiron complexes as an emerging class of catalysts. 98 In this sense, µ-O-
[FeTCPP] 2 ·16DMF exhibits two additional characteristics that make one think of its potential as a catalyst. Firstly, Fe III centres are five-coordinated square pyramidal polyhedra. Secondly, the 50 network is significantly accessible, with mobile DMF molecules located in the cavities. Therefore, virtually approaching to the metal ion by other molecules in dissolution seems to be easy. The above mentioned aspects were considered to proceed with the study of the catalytic properties of µ-O-[FeTCPP] 2 ·16DMF. 55 Thus, the catalytic activity of µ-O-[FeTCPP] 2 ·16DMF was preliminarily tested towards oxidation of alcohols.
Oxidation of alcohols
The oxidation of alcohols is of great importance on organic synthesis and, in this sense, many iron porphyrins have been 60 tested for this reaction. 46, 99 As observed in many biological and biomimetic iron porphyrin models, in the presence of an oxidizing agent, Fe IV -oxo complexes could be generated at the Fe III sites 100 which could efficiently catalyze the oxidation of alcohol to the respective aldehydes. This iron(IV)-oxo unit has a 65 Fe-O double character bond. Fe III sites are regenerated when the oxidation takes place. 101 The reaction conditions were firstly set using benzyl alcohol as model substrate. The reactions were carried out with TBHP as oxidizing agent in acetonitrile. Using a 5% of catalyst, 1.5 eq. of 70 TBHP in 2 mL of solvent at 70 ºC a total conversion of 73% was obtained after 7 hours of reaction ( Table 2 ). The effect of the oxidizing agent was studied using PhI(OAc) 2 (2 eq.), instead of TBHP, obtaining a 69 % conversion rate after 7 hours. Both the yield and the kinetic profile (Figure 8 The substrate scope was studied with various alcohols, 1-phenylethanol, 1-hexanol and 1-octanol in TBHP (1.5 eq.). Figure  8 shows the kinetic profiles of the oxidation reactions. As 80 observed, µ-O-[FeTCPP] 2 ·16DMF catalyses more effectively activated alcohols (benzyl alcohol and 1-phenylethanol) than lineal ones, because they present more steric hindrance.
The yield for activated alcoholic substrates lies within the habitual range for similar porphyrinic catalysts. However, 85 comparison with data found in literature indicates that there is a significant reduction in the reaction time for µ-O-
[FeTCPP] 2 ·16DMF; in fact, in some cases, the conversion is reached in half of the time. After the oxidation reactions, the solid catalyst was recovered by centrifugation, washed with acetonitrile and ethanol, and then characterised by IR spectroscopy. The IR spectra of the recovered catalyst for the tested oxidation reactions show that the structural units remain, in fact, the solid shows the same characteristic 10 vibration modes of the original compound. As shown in Figure  S6 , ESI † the characteristic vibrations of the porphyrin macrocycle are present, including the Fe-TCPP and Fe-O-Fe vibrations at 1000 cm -1 , 870 cm -1 and 824 cm -1 .
Heterogeneity and recyclability tests
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A heterogeneity test was carried out for the oxidation of benzyl alcohol over µ-oxo-FeTCPP sample. For rigorous proof of heterogeneity, the test 102 was carried out by filtering the catalyst from the reaction mixture at 70 ºC after 25 min, when a conversion rate of 34 % had been reached. The filtrate was 20 allowed to react for up to 7 h. The reaction mixture and the filtrate were analysed after 7 h by GC-MS. No significant change in the conversion rate was found for the filtrate (Figure 9 ), meaning that the active species does not leach and the observed catalysis is truly heterogeneous in nature. Reutilization is one of the greatest advantages of 30 heterogeneous catalysts and can also provide useful information about the anchoring process and catalyst stability along the catalytic cycles. Thus, recycling tests were carried out over µ-O-
[FeTCPP] 2 ·16DMF for the oxidation of benzyl alcohol with PhI(OAc) 2 and, as observed in Table 3 , during the three cycles an 35 increase of catalytic activity is observed. This could mean that the catalytic active species formed in the presence of the oxidant increases after the first run. 
Conclusions
FeTCPP metalloporphyrin cation has been used to produce a new solid based on unprecedented µ-oxo-FeTCPP dimers. The coordination network exhibits significant free volume, related to the unusual appearance of a superhyperfine EPR structure. 45 Additionally, the accessibility to the network in the compound, along with the structural features of the dimers, is responsible for its catalytic properties. Those characteristics allow µ-O-
[FeTCPP] 2 to be playing a double role, as a catalyst and as a synthon. Therefore, this is an innovative approach to achieve 50 heterogeneous catalyst as an alternative to the anchoring of effective catalyst into solid frameworks. It is worth mentioning that the existence of an extended coordination network is not necessary to a stable and functional solid. Furthermore, the catalytic activity studies herein presented are a starting point for 55 the application of these materials as heterogeneous catalysts in other reactions of interest in fine chemistry. 
